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T he Spectra ofM ain Sequence Stars in G alactic G lobular C lusters II.C H and
C N B ands in M 711
Judith G .Cohen2
A B ST R A C T
Spectra with a high signal-to-noise ratio of79 starswhich are justbelow the m ain
sequence turno ofM 71 are presented. They yield indices for the strength ofthe G
band ofCH and the ultraviolet CN band at 3885 A.These indices are each to rst
orderbim odaland they areanti-correlated.Thereareapproxim ately equalnum bersof
CN weak/CH strong and CN strong/CH weak m ain sequence stars in M 71. It is not
yetclearwhetherthese star-to-starvariationsarise from prim ordialvariationsorfrom
m ixing within a fraction ofindividualstarsasthey evolve.
Subjectheadings: globular clusters: general| globular clusters: individual(M 71) |
stars:evolution
1. IN T R O D U C T IO N
Them ajorissueIintend to explorein thisseriesofpapersisthatofstar-to-starvariationsin
abundanceswithin a singleglobularclusteratand below thelevelofthem ain sequenceturno.In
therstpaperofthisseries(Cohen 1999),Ipresented an overview ofthissubjectand thehistorical
background for the present work which began with the study ofthe giants in M 13 by Suntze
(1981). To sum m arize very briey,star-to-starvariationsin severallightelem ents,particularly C
and N,are seen on the giant and subgiant branches ofm any globular clusters. The behavior of
these variationswithin those globularclustersstudied in m ostdetailare in m any casesconsistent
with whatisexpected form ixingastheexplanation form ostoftheobserved variations.47Tucwas
the only galactic globular clusterstudied atthe levelofthe m ain sequence,where m ixing should
notyethave occurred,yetCanon etal.(1998)and referencestherein nd detectable variationsin
the CH and CN bandsform ain sequencestarsin 47 Tuc,and these variationsare anti-correlated.
G lobularclusterm ain sequencestarsshould notyethavesynthesized through internalnuclear
burning any elem entsheavierthan He(and Liand Be)and hencewillbeessentially unpolluted by
theinternalnuclearburning and production ofvariousheavy elem entsthatoccurin laterstagesof
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stellarevolution.Theory predictsthatthesestarsareunaected by gravitationalsettling and that
their surfaces should be a fair representation ofthe gas from which the globular cluster form ed.
Thusthe persistence ofvariations in C and N to such low lum inosities in 47 Tuc (Cannon etal.
1998)and referencestherein)issurprising.Them ajorrecentreviewsin thisarea arethoseofK raft
(1994)and Briley,Hesser& Sm ith (1994),whilethem oregeneralreviewsofM cW illiam (1997)and
ofPinnsoneault(1997)arealso relevant.
In paper1 Ianalyzed spectra of50 starsatorbelow the m ain sequenceturno in M 13.Idid
notnd any detectablevariation in thestrength oftheCN orCH featuresin thissam ple.However,
M 13 isa quite m etalpoorglobularcluster,and hence here Ipresentan analysisofthe spectra of
79 starson them ain sequenceofM 71,a globularclusterwith m etallicity com parableto thatof47
Tuc.
2. T H E SA M P LE O F STA R S
M 71 was chosen as the second cluster in this study because ofits m etallicity (Cohen 1983)
and because itisnearby,hence the turno starswillbe relatively bright. Thisglobularclusteris
located atgalactic latitude bII=   4:6 and hasa reddening E (B   V )= 0:27 m ag (Reed,Hesser
& Shawl1988).
Short exposure im ages in B and R were taken with Low Resolution Im aging Spectrograph
(O keetal.1995)attheK eck O bservatory centered on thecluster.Photom etry wasobtained with
DAO PHO T (Stetson 1987)usingtheseshortexposurescalibrated on thesystem ofLandolt(1992).
The zero point for each color is uncertain by  0:05 m ag. A sam ple ofm ain sequence stars was
chosen based on their position on the locus ofthe m ain sequence as dened by this photom etry.
Each candidate wasinspected forcrowding and starswere chosen forthe spectroscopic sam ple on
the basis ofm inim um crowding. Table 1 gives the object’s coordinates (B1950),R m ag,B   R
color,and indices(togetherwith theirerrors)fortwo m olecularbands,the G band ofCH at4305
A and the CN band near 3880 A,for the M 71 m ain sequence stars in the spectroscopic sam ple.
Them agnitudesand colorsgiven in Table 1 have notbeen corrected forextinction.
Sincetheeldsarevery crowded,in addition to providing thestarcoordinates,weprovidean
identication chart(Figure 1)fora few starsin the M 71 sam ple,from which,given the accurate
relative coordinates,the restofthe stars can be located. Relative stellar coordinates are dened
from theLRIS im agesthem selvesassum ing thetelescope pointing recorded in theim age headeris
correctand taking into accounttheopticaldistortionsin theim ages.Theastrom etry ofCudworth
(1985)isused to x theabsolute coordinates.
Figure 2 presentsa color-m agnitude diagram forthe m ain sequence starsin the M 71 sam ple.
Thestarsthathavebeen observed spectroscopically aredisplaced by   0:6 m ag in B   R colorand
are shown aslled circles.
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The color-m agnitude diagram ofthe eld ofM 71 shown in Figure 2 reects the low galactic
latitude this cluster. There are m any eld stars,m ostredderand presum ably m ore distantthan
the globular cluster itself. Because the radialvelocity ofM 71 is   27 km s 1 (Cohen 1980),it is
not possible to isolate a sam ple ofcluster m em bers using radialvelocity m easurem ents from low
dispersion spectra. M y sam ple willtherefore have som e eld star contam ination. To estim ate
the fraction ofeld stars in such a sam ple,Figure 3 shows a histogram in color ofallstars with
17:3 < R < 17:6 m ag. The sharp rise at the blue end ofthe distribution arises from the cluster,
whilethe extended tailto the red isfrom eld stars.
TheM 13 m ain sequenceshown in Paper1isvery narrow in color.Som eoftheapparentspread
in colorseen in the case ofM 71 m ay be due to variationsin reddening.These are easily detected
at the levelof 25% ofE(B   V ) (and corresponding am ounts in other colors) from m ulticolor
photom etry ofstars on the red giant branch in m ore heavily reddened galactic globular clusters
(Cohen & Sleeper1995).In addition,theeld ofM 71 isvery crowded,even m oreso than eitherof
thetwo eldsin M 13 studied in Paper1.Thism ay lead to photom etricerrorswhich m ightproduce
an apparentspread in coloroftheM 71 m ain sequence.
Based on Figure 3 one m ight estim ate a eld star contam ination which at worst does not
exceed 25% ofthesam ple.
3. SP EC T R O SC O P IC O B SERVAT IO N S A N D M EA SU R EM EN T O F B A N D
IN D IC ES
Three slitm askswere designed containing 79 starsfrom the M 71 m ain sequence starsam ple.
These were used at relatively low dispersion with the LRIS (300 g/m m grating,2.46A/pixel,0.7
arcsec slitwidth)fora spectralresolution of8A.TheCCD detectorisdigitized at2 electrons/DN
with a readoutnoise of8 electrons. Two 800 sec exposureswere taken with each slitm ask under
conditions of good seeing and dark sky in the sum m er of 1998. The data were reduced in a
straightforward m annerasdescribed in Cohen etal.(1999)using Figaro (Shortridge1988)except
thatthewavelength calibration cam efrom arclam p exposures,ratherthan from nightsky lineson
the spectra them selves.Thespectra are notuxed.
Thedenition oftheCH and uvCN indicesfollowsthatofPaper1,exceptthatthewavelengths
areshifted to take into accountthedierencein m ean radialvelocity between M 13 and M 71.The
CH index again usescontinuum bandpasseson both sidesofthe G band at4305A,with a feature
bandpasschosen to avoid H. The CH and uvCN indicesthus m easured,together with their1
errorscalculated assum ing Poisson statistics are given in Table 1. The values are the fraction of
absorption from thecontinuum ,and arenotin m agnitudes.Recallthattheerrorsgiven in Table1
do notincludetheeectofcosm ic raysnortheeectofthebackground signalfrom thenightsky,
both ofwhich are sm all.
The M 71 m ain sequence stars in m y sam ple are som ewhat brighter than those ofM 13,and
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thespectra arethusofeven highersignal-to-noise than thoseofm y m ain sequencesam plein M 13.
Illustrative exam plesofthe latterareshown in Figure 3 ofPaper1.
Thecontinuum levelin onestarofthe79 in theM 71 m ain sequencesam plefellslightly below
the m inim um value (700 DN/pixel) set in Paper 1 for accepting the uvCN index m easurem ents.
Howeverthefeaturesaresom uch strongerin thisglobularclusterthateven thevalueforthisobject
wasaccepted.
4. A N A LY SIS
Figure4 showstheCH index plotted asa function ofR m ag forthe79 starsin m y M 71 m ain
sequence sam ple. The 1 error bars are shown for each star. It is im m ediately clear that there
is a large range in CH strength at alllum inosities,which range is m any tim es the m easurem ent
uncertainties.
Fourofthestarsin m y M 71 sam plehavevery strong CH fortheirm agnitudeand arebelieved
to beeld stars.They areindicated by \x" sym bolsand arethe only objectswithin therectangle
at the upper right ofthe gure. Ignoring these four stars,a second order least squares t was
carried outofCH index asa function ofR m ag.O bjectsthatlie above the m ean tare shown in
Figure 4 asopen circles,whileobjectsthatlie below thiscurve are shown aslled circles.
Ignoring the four probable eld stars,the distribution ofCH indices now appears to be ap-
proxim ately bim odalfortheM 71 sam ple.
Figure 5 show the results for the uvCN indices in the 79 M 71 m ain sequence stars,again
plotted as a function ofR m ag. As was the case for the CH band indices,a large range in the
strength ofthe uvCN band ata xed lum inosity isseen forthe M 71 m ain sequence. The overall
appearance ofthe distribution isthatitisbim odal.The sam e sym bolsare used in Figure 5 asin
Figure4.Com paringthetwo gures,itisim m ediately apparentthattheCH and uvCN indicesare
anti-correlated.Thereareapproxim ately equalnum bersofCH strong/CN weak and CH weak/CN
strong stars.Langer,Suntze & K raft(1992)nd thisfraction determ ined from spectra ofthered
giantsto vary from clusterto clusteram ong a setofthreegalactic globularclusters(M 3,M 13 and
M 79)ofinterm ediate m etallicity.
The good correlations seen in Figures4 and 5 provide evidence thatm y M 71 m ain sequence
sam ple isnotseriously contam inated by eld stars.
5. D ISC U SSIO N
In Paper 1 I showed that m y data provide no evidence for variations of CH or CN band
strengths am ong the 50 m ain sequence stars in our sam ple in M 13. Here in the case ofM 71 I
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have found a range in CH and uvCN indicesata given lum inosity along the M 71 m ain sequence
which is m uch larger than the m easurem ent errors. Furtherm ore,the CH and uvCN indices are
anti-correlated,and both appearto bebim odal.
Itm ay wellbethateven though them easurem enterrorsin M 13 aresm all,thelow m etallicity
oftheclusterand thedenition ofsuch relatively crudem olecularband indicesconspiretohideany
variation thatm ay actually be present. The nextpaperin thisseries(Briley & Cohen 1999) will
explore thispossibility and willattem ptto provide a guessasto the range ofC and N variations
thatm ay bepresentin each ofthe two globularclusters,M 71 and M 13.
Thenextstep willbeto analyzeotherlightelem entsin M 71 to seeifvariationsalong them ain
sequencecan bedetected in Na,Ca orM g,forexam ple.Na and to a lesserextentM g areknown to
vary am ong the giantsand subgiantsin severalglobularclusters. Suitable data from the LRIS at
the K eck O bservatory consisting ofspectra ofsignicantly higherdispersion than those analyzed
here orin Paper1 are already in hand forboth the M 71 and the M 13 sam ple.These spectra can
also beused toelim inateatleastsom eoftheeld starsin theM 71 sam plethrough radialvelocities.
Now thatitisclear thatvariationsofC and N are strong in atleasttwo m etalrich galactic
globular clustersatthe levelofthe m ain sequence,a m ajor eortneedsto be m ounted to dier-
entiate between m ixing and prim ordialvariations. Understanding the origin ofthese star-to-star
variationsatthelevelofthem ain sequenceisan issueofim portancenotonly totheeld ofglobular
cluster studies,butalso has ram ications throughoutm any areas ofstellar evolution and galaxy
halo ages.Iwillreturn to thisissuein futurepapersin thisseries.
6. SU M M A RY
Ihavedeterm ined thestrength oftheCH and CN bandsfrom spectraof79m ain sequencestars
in M 71.Signicantvariationsin thestrength oftheG band ofCH at4305A and oftheultraviolet
CN band at3885 A are seen from starto starata xed lum inosity on the m ain sequence ofM 71.
Both the CH indices and the uvCN indices appear to be bim odaland they are anti-correlated.
There are approxim ately equalnum bers ofCN weak/CH strong and CN strong/CH weak m ain
sequence starsin M 71.
Thisisin contrastto thecaseofM 13 discussed in Paper1,whereno variationsareseen forC
and N in M 13 atthe levelofthem ain sequenceturno and below it.Isuggestthatthevariations
m ay actually be present in M 13 but cannot be detected with the m olecular band indices I am
using dueto thelow m etallicity ofM 13 and to thelack ofsensitivity ofthem olecularband indices
them selves.Theorigin ofthisbehavior,whetheritisduem ixing orto prim ordialvariationsorto
som e com bination ofthese two factors,isnotyetclear.
The entire K eck/LRIS usercom m unity owes a huge debtto Jerry Nelson,G erry Sm ith,Bev
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O ke,and m any otherpeoplewho haveworked to m aketheK eck Telescopeand LRIS a reality and
to operate and m aintain the K eck O bservatory. W e are gratefulto the W .M .K eck Foundation,
and particularly itslate president,Howard K eck,forthevision to fund theconstruction oftheW .
M .K eck O bservatory.Ialso thank K evin Richberg forhelp with thedata reduction.
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Table 1. Propertiesofthe Sam pleofM ain Sequence Starsin M 71
ID R (B  R ) I(C H ) (CH ) I(uvC N ) (uvCN )
(m ag) (m ag) (% ) (% ) (% ) (% )
M 71m s 1951272+ 183732 17.12 1.29 0.158 0.004 0.165 0.010
M 71m s 1951215+ 183720 17.00 1.38 0.167 0.005 0.165 0.009
M 71m s 1951216+ 183611 17.52 1.28 0.078 0.003 0.205 0.008
M 71m s 1951222+ 183914 17.47 1.34 0.109 0.003 0.252 0.009
M 71m s 1951224+ 183638 17.60 1.39 0.086 0.004 0.225 0.010
M 71m s 1951237+ 183746 17.17 1.39 0.174 0.005 0.136 0.008
M 71m s 1951252+ 183722 17.01 1.31 0.152 0.005 0.160 0.009
M 71m s 1951257+ 183914 17.21 1.40 0.114 0.004 0.260 0.008
M 71m s 1951262+ 183856 17.57 1.32 0.152 0.005 0.149 0.012
M 71m s 1951266+ 183825 17.39 1.28 0.130 0.004 0.166 0.013
M 71m s 1951266+ 183940 17.35 1.36 0.135 0.004 0.178 0.010
M 71m s 1951268+ 183621 17.37 1.28 0.149 0.004 0.145 0.011
M 71m s 1951274+ 183641 17.44 1.30 0.117 0.003 0.178 0.007
M 71m s 1951274+ 184033 17.35 1.38 0.161 0.005 0.176 0.011
M 71m s 1951275+ 184023 17.53 1.30 0.132 0.004 0.176 0.010
M 71m s 1951276+ 183751 17.49 1.23 0.151 0.004 0.139 0.009
M 71m s 1951279+ 183947 17.54 1.42 0.169 0.006 0.155 0.013
M 71m s 1951286+ 184144 17.57 1.28 0.103 0.003 0.232 0.009
M 71m s 1951302+ 184144 17.44 1.30 0.150 0.005 0.141 0.011
M 71m s 1951303+ 183943 17.26 1.29 0.086 0.003 0.253 0.008
M 71m s 1951318+ 184025 17.38 1.28 0.142 0.005 0.146 0.011
M 71m s 1951339+ 184038 17.15 1.31 0.163 0.004 0.147 0.007
M 71m s 1951365+ 183958 17.25 1.34 0.151 0.004 0.145 0.006
M 71m s 1951380+ 184103 17.52 1.27 0.165 0.004 0.185 0.005
M 71m s 1951388+ 184119 17.32 1.32 0.143 0.003 0.107 0.007
M 71m s 1951399+ 184126 17.43 1.27 0.097 0.002 0.182 0.007
M 71m s 1951231+ 183740 17.47 1.35 0.142 0.005 0.142 0.013
M 71m s 1951293+ 183721 17.19 1.32 0.143 0.006 0.146 0.014
M 71m s 1951294+ 183804 17.59 1.28 0.142 0.005 0.136 0.012
M 71m s 1951295+ 183748 17.26 1.27 0.123 0.005 0.255 0.009
M 71m s 1951301+ 183738 17.01 1.34 0.121 0.005 0.266 0.009
M 71m s 1951321+ 183715 17.40 1.29 0.133 0.005 0.173 0.010
M 71m s 1951325+ 183607 17.55 1.28 0.137 0.004 0.154 0.009
M 71m s 1951360+ 183614 17.17 1.31 0.174 0.004 0.135 0.009
M 71m s 1951211+ 184010 17.35 1.31 0.145 0.005 0.144 0.012
M 71m s 1951239+ 184109 17.39 1.39 0.099 0.003 0.243 0.009
M 71m s 1951266+ 184102 17.49 1.36 0.139 0.004 0.140 0.012
M 71m s 1951230+ 184200 17.43 1.35 0.095 0.003 0.220 0.008
M 71m s 1951239+ 183906 17.46 1.29 0.098 0.003 0.251 0.008
M 71m s 1951241+ 183940 17.14 1.42 0.181 0.006 0.160 0.010
M 71m s 1951247+ 184144 17.13 1.40 0.130 0.004 0.281 0.007
M 71m s 1951248+ 184155 17.36 1.32 0.141 0.004 0.175 0.009
M 71m s 1951249+ 183857 17.42 1.33 0.146 0.005 0.159 0.013
M 71m s 1951253+ 183831 17.13 1.36 0.124 0.005 0.253 0.008
M 71m s 1951253+ 184132 17.24 1.34 0.123 0.005 0.244 0.008
M 71m s 1951254+ 184008 17.25 1.35 0.158 0.005 0.160 0.011
M 71m s 1951264+ 183933 17.20 1.34 0.117 0.004 0.243 0.009
M 71m s 1951277+ 183627 17.33 1.36 0.203 0.008 0.314 0.012
M 71m s 1951278+ 183638 17.05 1.33 0.162 0.006 0.245 0.010
M 71m s 1951283+ 183952 17.48 1.25 0.131 0.005 0.173 0.012
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Table 1| Continued
ID R (B  R ) I(C H ) (CH ) I(uvC N ) (uvCN )
(m ag) (m ag) (% ) (% ) (% ) (% )
M 71m s 1951297+ 183832 17.39 1.29 0.146 0.006 0.136 0.011
M 71m s 1951299+ 183617 17.03 1.35 0.203 0.008 0.298 0.010
M 71m s 1951311+ 183525 17.45 1.38 0.187 0.007 0.324 0.010
M 71m s 1951323+ 183552 17.55 1.23 0.099 0.004 0.230 0.008
M 71m s 1951385+ 183741 17.54 1.24 0.139 0.004 0.147 0.009
M 71m s 1951387+ 183512 17.16 1.31 0.157 0.004 0.126 0.007
M 71m s 1951389+ 183610 17.55 1.30 0.141 0.004 0.145 0.007
M 71m s 1951392+ 183732 17.45 1.24 0.090 0.003 0.227 0.007
M 71m s 1951403+ 183817 17.22 1.31 0.152 0.004 0.158 0.007
M 71m s 1951411+ 183806 17.15 1.31 0.098 0.003 0.231 0.008
M 71m s 1951333+ 184107 17.24 1.39 0.189 0.006 0.272 0.009
M 71m s 1951364+ 183720 17.26 1.25 0.128 0.004 0.149 0.009
M 71m s 1951364+ 183749 17.42 1.29 0.133 0.005 0.137 0.010
M 71m s 1951372+ 183945 17.30 1.24 0.135 0.004 0.145 0.009
M 71m s 1951372+ 184149 17.01 1.40 0.126 0.004 0.296 0.007
M 71m s 1951373+ 183642 17.21 1.28 0.152 0.005 0.138 0.007
M 71m s 1951378+ 183706 17.52 1.26 0.097 0.004 0.230 0.007
M 71m s 1951383+ 184003 17.11 1.33 0.170 0.006 0.267 0.007
M 71m s 1951391+ 183901 17.25 1.35 0.140 0.004 0.140 0.010
M 71m s 1951396+ 184028 17.56 1.28 0.146 0.004 0.146 0.007
M 71m s 1951400+ 184016 17.14 1.27 0.122 0.003 0.214 0.006
M 71m s 1951403+ 184120 17.51 1.39 0.186 0.005 0.216 0.008
M 71m s 1951404+ 183926 17.05 1.41 0.197 0.005 0.138 0.005
M 71m s 1951405+ 184141 17.03 1.36 0.125 0.004 0.268 0.007
M 71m s 1951406+ 183826 17.59 1.29 0.108 0.003 0.226 0.005
M 71m s 1951406+ 183853 17.03 1.38 0.148 0.004 0.265 0.006
M 71m s 1951417+ 183631 17.29 1.34 0.103 0.003 0.218 0.005
M 71m s 1951355+ 184057 17.18 1.31 0.094 0.003 0.227 0.008
{ 10 {
Fig. 1.| A square section 110 arcsec on a side located slightly W estofthe centerofM 71 from a
3 sec B exposuretaken with LRIS isshown.The positionsofseveralM 71 m ain sequence starsin
oursam plein thiseld areindicated.
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Fig. 2.| The color-m agnitude diagram forthe region ofthe m ain sequence in M 71. The starsin
ourspectroscopic sam ple areshown aslled circlesand are oset0.6 m ag to the bluein color.
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Fig. 3.| A histogram in color ofthe 643 starsin the eld ofM 71 with 17:3 < R < 17:6 m ag is
shown.
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Fig.4.| TheCH indicesfor79m ain sequencestarsin M 71areplotted asafunction ofR m ag.The
error barsshown for each pointare 1 errorscalculated from the observed count rates assum ing
Poisson statistics.Thesym bolcoding isdiscussed in the text.
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Fig. 5.| The uvCN indices for 79 m ain sequence stars in M 71 are plotted as a function ofR
m ag. The errorbarsshown foreach pointare 1 errorscalculated from the observed countrates
assum ing Poisson statistics.Thesym bolcoding isthe sam e asthatofFigure 4.
